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A HIGH THROUGHPUT BIOLOGICAL HEART RATE MONITOR THAT IS MOLECULARLY 
DETERMINED 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of Serial No. 09/875,392 
STATEMENT REGARDING SPONSORED RESEARCH OR DEVELOPMENT 

The invention disclosed herein was made with Government support 
under NIH Grant Nos . HL-28958, HL-20558, NS-36658 from the National 
Institutes of Health. Accordingly, the U.S. Government has certain 
rights in this invention. 
BACKGROUND OF THE INVENTION 

The present invention relates to a high throughput biological heart 
rate monitor that is molecularly determined. 

Throughout this application, various publications are referenced to 
by numbers. Full citations for these publications may be found at 
the end of the specification immediately preceding the claims. The 
disclosures of these publications in their entireties are hereby 
incorporated by reference into this application in order to more 
fully describe the state of the art to those skilled therein as of 
the date of the invention described and claimed herein. 
The pacemaker current , I f , is present in both automatic (1) and 
non-automatic (2-6) regions of the heart. Further, the threshold 
voltage of activation varies widely among cardiac regions , being 
least negative in the sinus node (e.g. in rabbit sinus node it is 



-40 mV (7)) and most negative in the ventricle (-108 mV or more 
negative, depending on species (5,8,9). Interestingly, the current 
activates at less negative voltages in the newborn ventricle 
(approximately -70 mV in rat (8,10)) and the diseased adult 
ventricle (approximately -70 mV threshold in aged hypertensive 
rat (11) , -55 mV in failing human ventricle (12)) . The molecular and 
cellular bases for the regional variability of activation voltages 
in the normal adult heart and the regulation of ventricular 
activation voltage by development and disease remain to be 
determined, but such understanding is critical to any future 
therapeutic application of the expressed current in myocardium. 
There is a need for a reliable, high - throughput , cell based assay 
of drugs affecting cardiac pacemaker current (I f ) and/or rate. 
Currently, only low throughput screens involving isolated tissue, 
intact animal or cell -culture systems exist. The isolated tissue 
and intact animal system are relatively expensive and can do at 
best 10's of data points in a day. The cell-culture systems 
incorporate cells that do not beat regularly and are not uniquely 
based on the normal cardiac pacemaker current. Although throughput 
is higher, it is generally in the range of 10' s of points a day. 
In contrast, the present invention is based on the function of the 
normal pacemaker current and is potentially able to screen as many 



as 10,000 to 100,000 compounds per month. 
SUMMARY OF THE INVENTION 

The present invention involves preparing and employing adenoviral 
constructs of selected alpha (HCN gene family) and beta (KCNE gene 
family) subunits of the cardiac pacemaker current so as to 
reproduce relevant characteristics of cardiac sinus node pacemaker 
function in a cell based assay. Combining these engineered cells 
with a fluorescent calcium sensitive or voltage sensitive dye and 
a multi-well cell culture chamber can provide all the necessary 
components of a throughput assay of drug effects on cardiac rate. 
This cell based rate assay is engineered by overexpressing one or 
more of the cardiac pacemaker genes in a number of different 
excitable cells. To demonstrate feasibility and validity the 
concept, an adenoviral construct of the HCN2 isoform was prepared 
and used it to overexpress pacemaker current in a monolayer primary 
culture of neonatal rat ventricle cells. 

This invention provides for a method of assaying whether an agent 
affects heart rate which comprises: (a) contacting a cardiac cell 
of a heart with an effective amount of a compound to cause a 
sustainable heart rate; (b) measuring the heart rate after step 
(a) ; (c) providing the heart with an agent to be assayed for its 
affects on heart rate; (d) measuring the heart rate after step (c) ; 



and (e) comparing the difference between step (b) and step (d) , 
thereby determining whether the agent affects heart rate. 
This invention also provides a method of assaying whether an agent 
affects heart rate which comprises: (a) disaggregating cardiac 
moyocytes from a heart; (b) measuring the beating rate of the 
cardiac myocytes after step (a) ; (c) contacting a set of the 
cardiac myocytes from step (a) with an agent to be assayed for its 
effects on heart rate; (d) measuring the heart rate after step (c) ; 
and (e) comparing the measurements from step (b) and step (d) , 
thereby determining whether the agent affects heart rate. 
This invention further provides a method of assaying whether an 
agent affects the membrane potential of a cell which comprises: (a) 
contacting the cell with a sufficient amount of a compound capable 
of lessening the negativity of the membrane potential of the cell; 

(b) measuring the membrane potential of the cell after step (a) ; 

(c) providing the cell with the agent to be assayed for its effects 
on the membrane potential of a cell; (d) measuring the membrane 
potential of the cell after step (c) ; and (e) comparing the 
difference between the measurements from step (b) and step (d) , 
thereby determining whether the agent affects the membrane 
potential of the cell. 

This invention further provides a method of assaying whether an 



agent affects the activation of a cell which comprises: (a) 
contacting the cell with a sufficient amount of a compound to 
activate the cell; (b) measuring the voltage required to activate 
the cell after step (a) ; (c) providing the cell with an agent to be 
assayed for its affects on the activation of the cell; (d) 
measuring the voltage required to activate the cell after step (c) ; 
and (e) comparing the difference between the measurements from step 
(b) and step (d) , thereby determining whether the agent affects the 
activation of the cell . 

This invention further provides a method of assaying whether an 
agent affects the contraction of a cell which comprises: (a) 
contacting a cell with an effective amount of a compound to 
contract the cell; (b) measuring the level of contraction of the 
cell after step (a) ; (c) contacting the cell with the agent to be 
assayed for its affects on contraction of the cell; (d) measuring 
the level of contraction of the cell after step (c) ; and (e) 
comparing the difference between the measurements from step (b) and step 

(d) , thereby determining whether the agent affects the contraction 
of the cell. 

This invention also provides a vector which comprises a compound 
which encodes an ion channel gene. 

This invention further provides for a chamber and system designed 



for use in assaying drug effects on heart rate. The chamber 
consists of a series of wells, each 3mm by 3mm in inner diameter. 
Cardiac myocytes disaggregated from neonatal animals are plated 
onto the bottom of each well and grown under standard tissue 
culture conditions. The chamber holds from 24-96 such wells. When 
drugs are to be assayed, the cells in each well are loaded with a 
calcium sensitive dye and the beating rate in each is monitored 
with a photodiode. Drug is added in graded concentrations to each 
well, and equilibrated and effects on rate are observed. This 
construct permits use of a cell based bioassay for the study of 
drugs or agents that may alter cardiac rate. This invention can be 
used in high throughput screening of drugs to evaluate/predict 
their effects on cardiac rate and rhythm. 
BRIEF DESCRIPTION OF THE FIGURES 

Figure 1A-C ; current traces in neonatal ventricular culture of 

native I f and expressed HCN2 or HCN4 . A: records from a control 

(non- transf ected) myocyte. B: records from a myocyte co- transf ected 

with pCI-mHCN2 and pEGFP-Cl using lipofectin. C: records from a 

myocyte co-transf ected with pCI-mHCN4 and pEGFP-Cl using 
lipofectin. In all panels, the test voltage varied from -55 to -125 
in 10 mV increments. Note, selected traces are omitted from panel 



(A) for clarity. 

Figure 2A-B; activation-voltage relation and kinetics of expressed 

HCN2 and HCN4 in neonatal ventricle. A: I-V curves converted to 

activation relation using a Boltzmann relation. Activation 
relation for native current (dashed line) is taken from (28) . B: 

time constant of current activation for native I f and for expressed 

^HCN2 Snd I H CN4 

Figure 3A-D: current traces from adult ventricular myocytes . A: 

records from an acutely isolated myocyte. B: records from an adult 

myocyte maintained in culture for 48 hours . C : records from an 

adult myocyte infected with AdHCN2 and then maintained in culture 
for 48 hours. D: illustrates voltage protocol. Note the different 

vertical scale in (C) . 

Figure 4A-B; activation relation and kinetics of native I f in adult 

myocytes. A: activation relation for I f in acutely dissociated and 

cultured adult ventricular myocytes. B: time constant of current 

activation for native I f in acutely isolated and cultured adult 
ventricular myocytes. Neonatal data from Fig. 2 is superimposed as 
dashed line for comparison. 

Figure 5A-B: activation relation and kinetics of I HC N2 expressed with 



AdHCN2 in neonatal and adult ventricle. A: activation relations for 

neonatal and adult ventricle cultures as measured by tail currents. 
B: time constant of activation (squares) and deactivation (circles) 

for neonatal and adult myocytes. Lines are generated by a best fit 
to the equation. 

Figure 6 ; regression relation for V 1/2 of Boltzmann relation as a 

function of expressed HCN2 current density in neonatal and adult 
myocytes. Here cultures were infected with AdHCN2 . Lines are 
calculated linear regressions. The vertical and horizontal error 
bars represent S . E . M . of V 1/2 and I HC N2/ respectively. Inset shows 
expanded time scale for current densities < 60 pA/pF . 
Figure 7 : effect of intracellular cAMP on activation relation of 

expressed HCN2 current in neonate and adult myocytes. Earlier data 
with control pipette solution (Fig. 5A) are shown as dashed 
(neonate) and dotted (adult) lines. 

Figure 8A-C; show the effect of HCN2 overexpression on spontaneous 

activity of neonatal ventricle culture. Monolayer culture was 
infected with AdHCN2 or AdGFP and spontaneous action potentials 
subsequently recorded with whole-cell patch electrodes. A: 

spontaneous action potentials from a control monolayer culture. B: 

spontaneous action potentials from an AdHCN2 infected monolayer 



culture. C: summary data comparing control, AdHCN2 infected and 

AdGFP infected cultures with respect to spontaneous rate, slope of 
phase 4 depolarization and maximum diastolic potential (MDP) . 
Asterisk indicates significant difference relative to control 
culture; n values for control were 16-17, for AdHCN2 infected were 
12-16 and for AdGFP infected were 6. 

Figure 9A-B; effect of HCN2 overexpression in adult ventricular 

myocytes. A: representative anode break excitation tracings from a 

control myocyte (left, including stimulus time course) and an 
AdHCN2 infected myocyte (right) . Resting potential in the two 
examples is -66 and -60 mV, respectively. Only selected traces are 
shown for clarity . B : graph of relation between maximal negative 

potential achieved during anodal stimulation as a function of I f or 
I HCN2 current density (measured at the end of a 2 -sec step to -125 
mV) . Inset shows current density range of 0-1.2 pA/pF on an 
expanded time base, with calculated linear regression as solid 
line . 

Figure 10A-G; functional expression of HCN1 and HCN2 channels with 

and without minK and MiRPl in Xenopus oocytes. The holding 
potential is -35mV, and the voltage increment is always lOmV. A: 

5ng HCN1 cRNA injection and test pulses 3 -seconds long from -65mV 
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to a maximum voltage of -115mV. B: 5ng HCN1 plus 0 . 2ng minK 

injection with test pulses 3 -seconds long from a minimum voltage of 
-55mV to a maximum voltage of -115mV. C: 5ng HCN1 plus 0.2ng MiRPl 

injection with test pulses 3 -seconds long from -55mV to -115mV. D: 

5ng HCN2 cRNA injection with test pulses 8 -seconds long from -55mV 
to -95mV. E: 5ng HCN2 plus 0 . 2ng minK injection with test pulses 8- 

seconds long from -65mV to -105mV. F: 5ng HCN2 plus 0 . 2ng MiRPl 

injection with test pulses 8-seconds long from -55mV to -95mV. G: 

the maximum conductance of the tail current obtained by dividing 

its amplitude by the driving force at that potential. 

Figure 11A-F; gating properties of the expressed channels. A: 

activation curves of HCN1 alone and HCN1 coexpressed with MiRPl . 
The inset shows the representative tail currents used to construct 
the activation curve. B: activation curves of HCN2 alone and HCN2 

coexpressed with MiRPl. C: sample data illustrating activation 

kinetics of HCN1 alone and HCN1 coexpressed with MiRPl. D: sample 

data illustrating activation kinetics of HCN2 alone and HCN2 
coexpressed with MiRPl. E: plot of activation and deactivation (in 

box) time constants for HCN1 alone and HCNl+MiRPl. F: same as (E) 

but for HCN2 and HCN2+MiRPl. 



Figure 12A-B: MiRPl mRNA expression in rabbit as determined by 

RNase protection assays. A: represents an example of a 

representative RPA performed on 2,ug of total RNA isolated from left 
ventricle, right atrium, SA node and whole brain. B: histogram 

showing the relative abundance of MiRPl. Data are normalized to the 
cyclophilin protected fragment; values are the means of three 
independent mRNA samples and the error bars are SEM. 
Figure 13A-C: western blots showing protein expression of HCN1 

channel subunits with and without MiRPl in Xenopus oocytes 

following immunoprecipitation with the HCN1 ion channel subunit . A: 

proteins in oocyte membranes fractionated and probed with anti-HCNl 
antibody. B: oocyte membrane protein probed with ant i -HA antibody. 

C: products of IP reactions by anti-HCNl antibody from membrane 

protein from oocytes inj ected with HCN1 , MiRPl or by both cRNAs 
probed with anti-HA antibody. 

Figure 14 : Modulation of rate by isoproterenol in an AdHCN2 
infected culture A: Action potential recordings of spontaneous 
rate during control superf usion . B : Recording from the same 
culture during superf usion with isoproterenol , demonstrating an 
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increase in spontaneous rate from 48 beats/min during the control 
record to 63 beats/min during drug exposure. 

Figure 15; Modulation of rate by carbachol in an AdHCN2 infected 

5 culture A: Action potential recordings of spontaneous rate during 

control superfusion. B: Recording from the same culture during 

superfusion with carbachol, demonstrating a decrease in spontaneous 
rate from 54 beats/min during the control record to 45 beats/min 
during drug exposure . 

ll 

ass 

N* Figure 16; Modulation of rate by ZD- 72 8 8 in an AdHCN2 infected 

p culture. A: Action potential recordings of spontaneous rate during 
Q control superfusion. B: Recording from the same culture during 
« superfusion with ZD-7288, demonstrating a decrease in spontaneous 
15 rate from 96 beats/min during the control record to 78 beats/min 
during drug exposure . 

Figure 17 ; Effect of threshold concentration of isoproterenol on 

expressed HCN2 current in a neonatal ventricular myocyte. Exposure 
20 to isoproterenol increased current for a voltage step to the 
midpoint of the activation curve without increasing the maximal 
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current attained with a second voltage step to the maximum of 
activation curve, demonstrating that the nature of the effect was 
to shift activation curve positive on the voltage axis. Separate 
measurements indicated the magnitude of the shift in this cell was 
approximately 5 mV. 

DETAILED DESCRIPTION OF THE INVENTION 

This invention provides for a method of assaying whether an agent 
affects heart rate which comprises: (a) contacting a cardiac cell 
of a heart with an effective amount of a compound to cause a 
sustainable heart rate; (b) measuring the heart rate after step 
(a) ; (c) providing the heart with an agent to be assayed for its 
effects on heart rate; (d) measuring the heart rate after step (c) ; 
and (e) comparing the difference between step (b) and step (d) , 
thereby determining whether the agent affects heart rate. 
This invention provides the above -described method, wherein the 
heart is mammalian. 

This invention also provides the above-described method, wherein 
the cardiac cell is a cardiac myocyte. 

This invention further provides the above -described method, wherein 
the compound comprises a nucleic acid which encodes MiRPl . 
This invention further provides the above -described method, wherein 
the compound comprises a nucleic acid which encodes an HCN channel. 



-14- 

This invention provides the immediately preceding method, wherein 
the HCN channel is HCN1 . 

This invention also provides the preceding method, wherein the HCN 
channel is HCN2 . 

This invention further provides the preceding method, wherein the 
HCN channel is HCN4 . 

This invention further provides the above -described method, wherein 
the compound comprises nucleic acids which encodes MiRPl and a HCN 
channel . 

This invention provides the immediately preceding method, wherein 
the HCN channel is HCN1 . 

This invention also provides the preceding method, wherein the HCN 
channel is HCN2 . 

This invention further provides the preceding method, wherein the 
HCN channel is HCN4 . 

This invention further provides the above-described method, wherein 
the step of contacting is selected from the group consisting of 
topical application, inj ection, electroporation, liposome 
application, viral -mediated contact, contacting the cell with the 
nucleic acid, and coculturing the cell with the nucleic acid. 
This invention provides the immediately preceding method, wherein 
the administration of contacting is selected from the group 
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comprising topical administration, adenovirus infection, viral - 
mediated infection, liposome-mediated transfer, topical application 
to the cell, microinjection, and catheterization. 

This invention also provides a method of assaying whether an agent 
affects heart rate which comprises: (a) disaggregating cardiac 
moyocytes from a heart; (b) measuring the beating rate of the 
cardiac myocytes after step (a) ; (c) contacting a set of the 
cardiac myocytes from step (a) with an agent to be assayed for its 
effects on heart rate; (d) measuring the heart rate after step (c) ; 
and (e) comparing the measurements from step (b) and step (d) , 
thereby determining whether the agent affects heart rate. 
This invention provides the immediately preceding method, wherein 
the measuring steps are performed with a calcium sensitive dye and a 
photodiode . 

This invention further provides a method of assaying whether an 
agent affects the membrane potential of a cell which comprises: (a) 
contacting the cell with a sufficient amount of a compound capable 
of lessening the negativity of the membrane potential of the cell; 
(b) measuring the membrane potential of the cell after step (a); (c) 

providing the cell with the agent to be assayed for its effects on 
the membrane potential of a cell; (d) measuring the membrane 
potential of the cell after step (c) ; and (e) comparing the 
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dif ference between the measurements from step (b) and step (d) , 
thereby determining whether the agent affects the membrane 
potential of the cell. 

This invention further provides a method of assaying whether an agent 
affects the activation of a cell which comprises: (a) contacting 
the cell with a sufficient amount of a compound to activate the 
cell; (b) measuring the voltage required to activate the cell after 
step (a) ; (c) providing the cell with an agent to be assayed for 
its effects on the activation of the cell; (d) measuring the 
voltage required to activate the cell after step (c) ; and (e) 

comparing the difference between the measurements from step (b) and 
step (d) , thereby determining whether the agent affects the 
activation of the cell . 

This invention further provides a method of assaying whether an agent 
affects the contraction of a cell which comprises: (a) contacting a cell 
with an effective amount of a compound to contract the cell ; (b) 
measuring the level of contraction of the cell after step (a) ; (c) 
contacting the cell with the agent to be assayed for its effects on 
contraction of the cell; (d) measuring the level of contraction of 
the cell after step (c) ; and (e) comparing the difference between 
the measurements from step (b) and step (d) , thereby determining 
whether the agent affects the contraction of the cell. 
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This invention provides a vector which comprises a compound which 
encodes an ion channel gene . 

In an embodiment of the above-described vector, the vector is 
selected from the group consisting of a virus, a plasmid and a 
cosmid. 

In a preferred embodiment of the immediately preceding described 
vector, the vector is an adenovirus. 

In a preferred embodiment of the above-described vector, the 
compound comprises a nucleic acid which encodes MiRPl . 
In another preferred embodiment of the above-described vector, the 
compound comprises a nucleic acid which encodes an HCN channel . 
In a preferred embodiment of the immediately preceding described 
vector, the HCN channel is HCN1 . 

In another preferred embodiment of the preceding described vector, 
the HCN channel is HCN2 . 

In yet another preferred embodiment of the preceding described 
vector, the HCN channel is HCN4 . 

In yet another preferred embodiment of the above-described vector, 
the compound comprises nucleic acids which encode MiRPl and a HCN 
channel . 

In a preferred embodiment of the immediately preceding described 
vector, the HCN channel is HCN1 . 
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In another preferred embodiment of the preceding described vector, 
the HCN channel is HCN2 . 

In yet another preferred embodiment of the preceding described vector, 
the HCN channel is HCN4 .This invention provides for a chamber and 
system designed for use in assaying drug effects on heart rate. 
The chamber consists of a series of wells, each 3mm by 3mm in inner 
diameter. Cardiac myocytes disaggregated from neonatal animals are 
plated onto the bottom of each well and grown under standard tissue 
culture conditions. The chamber holds from 24-96 such wells. When 
drugs are to be assayed, the cells in each well are loaded with a 
calcium sensitive dye and the beating rate in each is monitored 
with a photodiode. Drug is added in graded concentrations to each 
well, and equilibrated and effects on rate are observed. This 
construct permits use of a cell based bioassay for the study of 
drugs or agents that may alter cardiac rate. As such, we propose 
its use for the high throughput screening of drugs to 
evaluate/predict their effects on cardiac rate and rhythm. 

As used herein, the term "cardiac cell of a heart" means a cell 
derived from a heart, either isolated or in culture. 

As used herein, the term "a cardiac myocyte" means a myocyte derived 
from muscle or conductive tissue of a heart, either isolated or in 
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culture and capable of initiating a current . 

As used herein, the term "disaggregating" means the isolation and 
removal of the cell from tissue. 

As used herein, the term "sustainable heart rate" means a heart rate 
which is sustained and maintained by a heart so as to enable 
measurements of the heart rate affected by an agent. 

As used herein, the term "beating rate" means (1) the rate of a 
contraction or contractions over a given time period by a cell or (2) 
the rate of an electrical pulse or electrical pulses over a given time 
period by a cell. 

As used herein, the term "lessening the negativity of the membrane 
potential of the cell" means making less negative the negative 
transmembrane potential across the plasma membrane of a cell. 

As used herein, term "ion channel gene" means a subunit of an ion 
channel, more than one subunits thereof or an entire ion channel. 

EXPERIMENTAL DETAILS EXAMPLE It 

HCN Over - express ± on in Newborn and Adul t Ven tri cular Myocytes : 
Distinct Effects on Gating and Excitability 
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The following abbreviations are used herein; HCN 

Hyperpolarization-activated Cyclic Nucleotide gated; minK - minimal 
K channel protein; MiRPl - minK-related peptide 1; I f - Pacemaker 

current; mV - millivolts; cAMP - cyclic adenosine monophosphate; Ad 
- Adenovirus . 

Introduction 

Four members of the HCN gene family are currently known (13-15) . 
Three of these (HCN1, HCN2 and HCN4) are present in the heart, but 
the relative message level of the three isoforms varies with region 
and age (16-18). Sinus node and Purkinje fibers, in which I f 
activates at less negative potentials , contain largely HCN1 and 
HCN4 . Ventricle contains HCN2 and HCN4 , with the ratio of mRNA of 
HCN2 relative to HCN4 being greater in the adult than newborn 
ventricle. This suggests that HCN2 is an inherently negatively 
activating isoform whose relative abundance determines the 
activation threshold in different regions of the heart or at • 
different ages. However, heterologous expression studies do not 
support this simple explanation. While there is some variability 
between laboratories , when HCN2 and HCN4 have been expressed in 
mammalian cell lines activation voltages differed by less than 10 
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mV (18-20) . Thus, the intrinsic characteristics of the specific HCN 
isoform expressed does not seem, by itself, to be a sufficient 
explanation for the diverse voltage dependence of the native I f , 
either regionally in the adult heart or developmental ly in the 
ventricle . 

An alternative hypothesis is that the cellular environment in which 
a particular isoform is expressed influences its voltage 
dependence. The cellular environment could include the presence or 
absence of beta subunits, cytoskeletal elements , kinases , 
phosphatases or other factors. Because of these potential 
differences, HCN2 and/or HCN4 voltage dependence might differ when 
expressed in myocytes rather than in a heterologous expression 
system. For the same reason, one or both of these isoforms may be 
sensitive to the maturational state of the myocyte, exhibiting 
distinct voltage dependence when expressed in newborn as compared 
to adult ventricular cells . Here , data is presented to address 
these issues . 

Material and Methods 

Cell isolation and culture 



Adult rats were anesthetized with ketamine-xylazine before 



-22- 

cardiectomy, and neonatal rats decapitated, in accordance with the 
Institutional Animal Care and Use Committee protocols of Columbia 
University. For preparing cell cultures of newborn ventricles, a 
standard trypsin dissociation method was employed (21) . The cells 
were preplated to reduce fibroblast proliferation, cultured 
initially in serum- containing medium (except when being transfected 
with plasmids as described below) and then switched to a serum free 
medium (SFM) after 24 hours. Action potential studies were 
conducted on 4 day old monolayer cultures plated directly onto 
fibronectin coated 9 x 22 mm glass coverslips. For voltage clamp 
experiments, 4-6 day old monolayer cultures were resuspended by 
brief (2-3 min) exposure to 0.25% trypsin, then the cells replated 
onto f ibronectin-coated coverslips and studied within 2-8 hours. 

Freshly isolated adult ventricle myocytes were prepared using the 
procedure described by Kuznetsov et al . (22). This entailed a 

Langendorff perfusion of collagenase, followed by trimming away of 
the atria. The remaining tissue was minced and dissociated in 
additional collagenase solution. The isolated myocytes were 
suspended in a serum free medium (ACCTI (23) ) then plated on 9 x 22 
mm glass coverslips at 0.5-1 x 10 3 cells/mm 2 . Two to three hours 
later, after the myocytes had adhered to the coverslips , the 
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adenoviral infection procedure was begun (see below) . 
Expression of HCN i so forms 

cDNAs encoding mouse HCN2 (mHCN2, GenBank AJ225122) or HCN4 (mHCN4, 
GenBank deposit in progress) were subcloned into the pCI mammalian 
Expression Vector (Promega, Madison, WI). The resulting plasmids 
(pCI-mHCN2 or pCI-mHCN4) were used for neonatal rat ventricular 
myocyte transf ect ion, as indicated. A separate plasmid (pEGFP-Cl; 
Clontech, Palo Alto, CA) expressing the gene of enhanced green 
fluorescent protein (GFP) as a visual marker for successful DNA 
transfer was included in all transf ection experiments. For 
transf ection, 2 ju,g pCI-mHCN and 1 j^g pEGFP-Cl were first incubated 
in 200 jul SFM with 10 lipofectin (Gibco Life Technologies, 

Rockville, MD) at room temperature for 45 minutes. The mixture was 
then added to a 35-mm petri dish containing ~10 6 cells suspended in 
0.8 ml SFM. After overnight incubation at 37°C in a C0 2 incubator, 
the medium containing the plasmids and lipofectin was discarded and 
the dish was refilled with 2 ml fresh SFM. Patch clamp experiments 
were carried out on resuspended cells exhibiting detectable levels 
of GFP by fluorescence microscopy 3-5 days after transf ection . 

For increased expression efficiency, an adenoviral construct for 
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mHCN2 was prepared. Gene delivery and transfer procedures followed 
previously published methods (24,25) . A DNA fragment (between EcoRI 
and Xbal restriction sites) that included mHCN2 DNA downstream of 
the CMV promoter was obtained from plasmid pTR-mHCN2 (2 6) and 
subcloned into the shuttle vector pDC516 (AdMax™; Microbix 
Biosystems, Toronto, Canada) . The resulting pDC516-mHCN2 shuttle 
plasmid was co- transf ected with a 35.5 kb El-deleted Ad genomic 
plasmid pBHGfrt El, 3FLP (AdMax™) into El -complementing HEK2 93 
cells. The adenoviral construct AdHCN2 was subsequently harvested 
and CsCl purified. 

For adult rat ventricular myocytes, AdHCN2 infection was carried 
out 2-3 hours after the isolated cells were plated onto coverslips. 
For neonatal cells, the infection was done on the monolayer culture 
1-3 days after plating. In either case, the culture medium was 
removed from the dishes (35-mm) and the inoculum of 0.2-0.3 ml/dish 
was added containing AdHCN2 . The value of m.o.i. (multiplicity of 
infection - the ratio of viral units to cells) was 15-100. The 
inoculum was dispersed over the cells every 20 min by gently 
"tilting" the dishes so that the cells were evenly exposed to the 
viral particles. The dishes were kept at 37°C in a C0 2 incubator 
during the adsorption period of two hours, then the inoculum was 
discarded and the dishes were washed and refilled with the 
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appropriate culture medium. The dishes remained in the incubator 
for 24-48 hours before electrophysiological experiments were 
conducted. In some experiments, an adenoviral construct for GFP 
(AdGFP) was employed. 

Electrophysiologic recording and data analysis 

The whole -cell voltage clamp technique was employed to record 
native I f or expressed I H cn2 or 1hcn4 • Action potentials were recorded 
in current clamp mode, again using a whole cell patch 
electrode/Experiments were carried out on cells supervised at 3 5°C. 
Extracellular solution contained (mmol/L) : NaCl, 140; NaOH, 2.3; 
MgCl 2/ 1; KC1, 5.4; CaCl 2 , 1.0; HEPES, 5; glucose, 10; pH 7.4. To 
record from myocytes expressing native currents (I f ) , myocytes 
expressing HCN2 (I H cn2) or HCN4 (IhcnJ/ o was increased to 10 

mmol/L, and MnCl 2 (2 mmol/L) and BaCl 2 (4 mmol/L) added to the 
superfusate to eliminate calcium and inward rectifier (I K i) 
currents. In some experiments CsCl (4 mmol/L) was used 
extracellularly to identify the pacemaker current as the Cs- 
sensitive current. The patch pipette solution included (mmol/L) : 
aspartic acid, 130; KOH, 146; NaCl , 10; CaCl 2 , 2; EGTA-KOH, 5; Mg- 
ATP, 2; HEPES -KOH, 10, pH 7.2. Where indicated, 10 /^mol/L cAMP was 
included in the pipette solution. A fast solution changing 
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apparatus expedited the experimental protocols. The pipette 
resistance was typically 1-3 M. An Axopatch-200B amplifier and 
pClampS software (Axon Instruments) were used for acquisition and 

data analysis. The pacemaker current (I f , I HC n2 or I H cnJ was defined 
5 as the time-dependent component taken at the end of a 
hyperpolarizing step to voltages in the range of -35 to -145 mV, 
while the holding potential was -35 mV unless otherwise indicated. 
For I f and I H cn2 measurements, the hyperpolarizing test pulses were 

□ 

yj 3 or 6 sec long throughout the voltage range. To accurately record 

frs 

lffi steady- state currents for the more slowly activating I H cn4/ the test 

4* voltages varied in length from 6 sec at -125 mV to as long as 60 
sec at -55 mV. When recording tail currents, the test pulses were 

O 

C| followed by an 8-sec voltage step to -125 mV. In all pacemaker 

y current protocols, each episode ended with a pulse to -5 mV for 0.5 

1^ sec to insure full deactivation. 

The activation relation of the native or expressed current can be 
determined from the steady-state I-V relation. In this case, the 
reversal potential (V f ) was separately determined from the fully 
activated I -V relation (27) and used to generate the activation 
20 relation (y = I / (g max * (V - V f ) ) , where g max is the maximal 
conductance) . This method was used in the initial studies of 
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expression with HCN2 or HCN4 plasmid in neonatal rat ventricular 
cells (Fig. 2A) . Subsequent studies of I f or I HCN2 employed tail 

current measurements. Tail current, after being plotted against the 
test voltage, gave the maximum conductance and activation-voltage 
relation. This relation was normalized by the maximum conductance 
and fitted with the Boltzmann function (y = 1 / (1 + exp ( (V - V 1/2 ) 
/ K) ) ) to determine the voltage of half maximum activation (V 1/2 ) 
and slope factor (K) . Tail currents were measured at a negative 
voltage (-125 mV) to avoid contamination by transient outward and 
other currents at less negative voltages. 

The kinetics of activation were determined by a single exponential 
fit to the early time course of the current activated by 
hyperpolarizing pulses. Both the initial delay and any late slow 
activation were ignored. The kinetics of deactivation were 
determined by a single exponential fit of the time course of the 
current trace at each test voltage after maximal activation by a 
conditioning pulse to -125 mV. For both activation and 
deactivation, the length of the current trace being fit was at 
least three times as long as the measured time constant to insure 
accuracy . 

Data analysis and statistics 
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All data are presented as mean ± S.E.M. Statistical significance 
was examined by f-test for paired and ANOVA for multiple 
comparisons, and determined at P < 0.05. 

Results 

Comparison of neonatal ventricular myocytes expressing HCN2 and 
HCN4 

It has previously been reported that neonatal rat ventricle cells 
in culture exhibit a small I f that activates with a threshold 
voltage around -70 mV (8,10). Fig. 1A provides a representative 

family of current traces of the native I f in a neonatal rat 
ventricle cell in culture. A time -dependent inward current 
component is apparent for voltage steps of -65 mV or more negative. 
Studies of message levels by RNase protection assay have indicated 
that both HCN2 and HCN4 are present in the newborn ventricle, with 
relative message levels of about 5:1 (16) . Therefore, each of these 
isoforms were expressed separately in the neonatal ventricle 
cultures. As described in Material and Methods . a lipofectin 
transfection method was employed and the HCN plasmids were co- 
transfected with pEGFP-Cl to aid in the identification of 
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expressing cells. Expression efficiency was less than 5%, based on 
the number of visually detected fluorescent cells. More than 90% of 
fluorescent cells possessed an I f -like current at least 10 times 
greater in magnitude than the native current. Fig. 1B-C illustrates 

representative expressed current traces from myocytes transfected 
with HCN2 and HCN4 , respectively. The current magnitude is such as 
to clearly distinguish the expressed current from the native 
current. Further, the slower kinetics of the expressed HCN4 , 
compared to HCN2 , is apparent (note different time scale in Fig, 

1C) . Slower HCN4 kinetics also have been reported in heterologous 

expression studies . 

Current records such as those illustrated in Fig. 1 were used to 
determine the quasi steady-state I -V relation . For the native 
current and for expressed HCN2 , 3 -sec voltage steps were sufficient 
to approximate steady- state at most of the test voltages, although 
the current did not achieve steady- state at the less negative 
steps. Significantly longer pulses were required for adequate 
analysis of HCN4 . Reversal potential in each case was separately 
determined (see Material and Methods) . and used to convert the I-V 
relation to the corresponding activation relation of the native and 
expressed current . The average activation relations for native 
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current (taken from (28) ) and for expressed currents are shown in 
Fig. 2A. The experiments were conducted on 4-6 day old cultures 

that had been transfected the same day as cells were dissociated. 
Neonatal myocytes expressing HCN2 exhibited currents that activated 
at more negative voltages than those expressing HCN4 , and this 
difference was statistically significant (V 1/2 of -74.8 ± 1.4, n = 
17, and -66.3 ± 2.0 mV, n = 14, respectively; P = 0.001). Slope 

factors (K) did not differ (7.7 ± 0.7 and 6.7 + 0.7 mV; P = 0.348) . 

The 8.5 mV difference in midpoint of activation of HCN2 and HCN4 , 
while statistically different, is considerably less than the 40 mV 
difference (based on threshold measurements) between adult and 
neonatal ventricle. This suggests that, while a developmental 
increase in the HCN2/HCN4 ratio might contribute to the age- 
dependent negative shift in activation of I f , it cannot fully 
explain the shift. Fig. 2B compares the activation kinetics of the 

currents recorded from neonatal ventricular myocytes expressing 
HCN2 (n = 6-9) and HCN4 (n = 4-5) . For most voltages, HCN4 
activation kinetics are markedly slower than those of HCN2 . Since 
HCN4 activates at less negative voltages than HCN2 , this cannot be 
explained by a shift in the voltage dependence of activation. 
Rather, it represents a basic difference in the kinetics of the two 
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isoforms, as has also been reported in heterologous expression 
experiments (18, 20). The native I f (n = 8) demonstrates activation 
kinetics intermediate between those of HCN2 and HCN4 , but the small 
magnitude of the native current made it impractical to obtain 
reliable kinetic data at less negative voltages, where the behavior 
of the two expressed isoforms more markedly diverge. 

Comparison of neonatal and adult ventricular myocytes expressing 
HCN2 

Since the preceding experiments suggested that an HCN4/HCN2 isoform 
switch was not likely to fully account for the differences in 
native I f between neonatal and adult ventricle, what was next 
sought was to compare the characteristics of HCN2 (the major 
ventricular HCN isoform, at the message level, at both ages (16)) 
when expressed in adult versus neonatal ventricular myocytes. This 
required maintaining adult ventricle cells in culture for 48 hours. 
An earlier report indicated that longer culture conditions could 
result in a marked positive shift in the voltage dependence of 
activation of native current (9) . Therefore what was first compared 
was native current in acutely dissociated cells with that in cells 
maintained in culture in serum free medium for 2 days. A voltage 
clamp protocol that allowed direct construction of the activation 
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relation without the need for a separate determination of the 
reversal potential, was employed. After a hyperpolarizing step to 
various test voltages, a second step to -125 mV generated a tail 
current, the amplitude of which was employed to determine the 
activation relation . Fig* 3A-B provides representative current 

traces from acutely dissociated and cultured adult rat ventricle 
cells. In both cases, the cells were rod-shaped and quiescent and, 
as seen in the figure, in both cases the threshold voltage (i.e. 
first voltage step where a time dependent current is apparent) is 
more negative than was seen for the native current in the neonate 
(Fig. 1A) . The lipofectin transfection method, with its low 
efficiency, was inadequate for studies of HC3ST expression in adult 
myocytes. Therefore, an adenoviral construct (AdHCN2 , see Material 
and Methods) that contained the mouse HCN2 sequence was prepared. 
Treatment of the adult cells with this adenoviral construct 
resulted in expression of high current levels (Fig . 3C, note 

different scale). In adult ventricular myocytes expressing HCN2 , 
the recorded current activated with a more negative threshold than 
that previously observed in neonatal cells (Fig. IB). 

The HCN2 isof orm of the alpha subunit was employed because in 
neonatel myocytes it exhibits kinetics and cAMP sensitivity (Qu et 
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al . , 2001) (57) that approximate the native sinus node pacemaker 
current. However, data suggests that native current in the sinus 
node is predominantly the HCN4 alpha subunit, but also contains 
HCN1 and HCN2 alpha subunits (Shi et al . , 1999) (16) (Shi et al . , 
2000) (41) and the MiRPl beta subunit (Yu et al . , 2001) (58). 
Therefore, adenoviral constructs of these other alpha and beta 
subunits, alone or in combination, can be over-expressed in 
excitable cells in culture and employed in cell based rate assays. 
The current construct has HCN2 under the control of the CMV 
promoter strong expression in mammalian cells, but constructs also 
be prepared using regulatable promoters to provide greater control 
voer the level of expression. 

Neonatal rat ventricle cells were employed because they exhibit 
many of the other relevant currents of cardiac pacemaking. This 
includes the presence of T-type and type calcium currents and a low 
density of inward rectifier current. Further, they include 
pacemaker current , with an activation threshold at or near the 
physiologic voltage range (Qu et al . , 2000) (28) . The native 
pacemaker current in these cells is small , but the fact that it 
physiologically relevant voltages in the neonatal ventricle 
(compared to the adult ventricle, where it activates negative to 
the resting potential (Robinson et al . , 1997) (8) suggested that the 
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over-expressed current also would activate in the physiologic 
voltage range . This prediction has been confirmed . (Qu et al. , 
2001) (57). In fact, both HCN2 and HCN4 are demonstrated to 
activate at physiologically relevant voltages when expressed in 
neonatal rat ventricle myocytes (Fig. 1, Fig. 2). These initial 
studies employed a low efficiency transfection method to over- 
express HCN2 or HCN4 in a small percentage of myocytes in culture. 
While this approach allowed characterization of the current, it did 
not affect spontaneous beating of the contiguous monoloayer culture 
since too few cells expressed the current at high density. 
However, infection of these cultures with an adenoviral construct 
of HCN2 allows one to over-express the current >90% of the cells 
and thereby alter diastolic depolarization and beating rate of the 
entire culture . 

Fig. 3 (panel A) demonstrates that these cultures, when not over- 
expressing HCN2 , beat spontaneously but lack the slow diastolic 
depolarization characteristic of the normal cardiac sinus node. 
Further, the cycle length is variable . In contrast , a culture 
over-expressing HCN2 beats at a faster rate, with a constant cycle 
length and a pronounced diastolic depolarization (panel B) . 

The normal cardiac pacemaker beats independently but is regulated 
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by neurotransmitters released from sympathetic and parasympathetic 
neurons. The former release norepineprine, which acts at beta- 
adrenergic receptors to increase cAMP concentration and increase 
heart rate. The latter release acetylcholine, which acts at 
muscarinic receptors to decrease cAMP concentration and decrease 
heart rate . Fig . 14 demonstrates that the beta-adrenergic agonist 

isoproterenol causes the predicted increase in heart rate in the 
HCN2 over- expressing cell culture. Fig. 15 demonstrates that the 

muscarinic agonist carbachol causes the predicted decrease in heart 
rate in the HCN2 over- expressing cell culture . Fig. 16 

demonstrates that ZD-7288, a selective blocker of the pacemaker 
current that slows sinus rate, also slows the rate of the HCNZ 
over-expressing cell culture . 

To further confirm that the over-expressed HCN2 channel responds 
similarly to the native pacemaker channel in sinus node , and does 
not overwhelm the myocyte's natural signaling processes, the effect 
of a threshold concentration of isoproterenol on the over-expressed 
HCN2 in a neonatal ventricle myocyte was measured. In sinus node, 
the threshold concentration of isoproterenol on native pacemaker 
current was found to be approximately 1 nM (Zaza et al . , 1996) (59) . 
The effect of isoproterenol is to shift the activation curve 
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positive without increasing maximal current . This effect can be 
visualized by a two-step voltage protocol, with the first step to 
the midpoint of the activation curve and the second step to the 
maximum curve . Fig . 17 employs this two-step protocol to 

5 illustrate that this threshold concentration of isoproterenol 
shifts the activation curve of over-expressed HCN2 in a neonatal 
rat ventricle cell . The shift was approximately 5 mV, compatible 
with effects on native current. 

p 

yy Therefore, using adenoviral constructs to over-express pacemaker 
TO current alpha and beta subunits in neonatal rat ventricle cells 
r! results in cultures that beat spontaneously at a regular with a 
~ strong diastolic depolarization and the rate of these modified 
p cultures responds to drugs a similar fashion as does the normal 
□ cardiac pacemaker in the sinus node. This provides biologic basis 
1 5 for a high throughput rate assay that can be real i zed by growing 
the cells in an appropriate multiwell chamber and using calcium 
sensitive or voltage sensitive dyes to generate a convenient output 
signal to be detected by a fluorescence plate reader . 
Alternatively, the cell can be grown in a multiwell chamber that 
20 includes embedded recording electrodes and electrical activity 
measured directly as a read out of rate. 
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Fig. 4A-B compares the activation relation and kinetics of native 

I f in acutely dissociated and cultured adult ventricle cells. A 2- 
day culture period resulted in no significant difference in V 1/2 , 
although the trend was toward a less negative midpoint after 
culture (-105.3 ± 2.6, n = 12, vs. -98.7 +1.8 mV, n = 7, in acutely 
isolated vs . cultured cells ; P = 0 . 092 ) ; neither was there a 

significant difference in slope factor (10.9 ±1.2 vs . 14 . 4 ±1.9 
mV) . Activation kinetics also did not differ between acutely 
isolated and cultured adult ventricle. The neonatal data from Fig. 
2 are superimposed (dashed lines) to illustrate the neonatal/adult 
difference in voltage dependence and kinetics of activation of the 
native I f . Thus, short-term culture does not significantly alter I f ; 
any trend in voltage dependence is modest compared to the effect of 
development . The neonatal /adult comparison confirms the earlier 
developmental study that reported an age-dependent difference in 
voltage dependence of activation (8) . 

To compare the characteristics of HCN2 in neonatal and adult 
ventricular myocytes, the adenoviral construct with both 
preparations was used . The neonatal data are comparable to the 
earlier results using the lipofectin method (Fig. 2) . Fig. 5A 

illustrates the average activation relations , from tail current 
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measurements , obtained from myocytes expressing HCN2 in the two 
culture preparations. It is evident that, when the same protein is 
expressed in the neonatal and adult myocyte preparations , the 
resultant current activates at significantly more negative voltages 
in the adult cells. V 1/2 values for HCN2 expressed in neonatal and 
adult myocytes were -77.6 ± 1.6 (n = 24) and -95.9 ± 1.9 mV (n = 
13), respectively (P < 0.001) . In addition, the slope factor (K) 

also differed significantly (9.8 ± 0.6 vs. 6.5 ± 0.5 mV, P < 

0 . 001) , reflecting a more shallow voltage dependence in the 
neonate. Fig. 5B provides data on the voltage dependence of 

activat ion/deactivation kinetics for the expressed HCN2 . The data 
were well fit by a standard kinetic model (see legend) , and exhibit 
little difference in the maximal value of activation time constant 
between the two cultures . However, the voltage dependence of the 
relation is shifted negative in the adult by an amount (21 mV) that 
is comparable to the shift in the activation relation (18 mV) . 
Moreover, the relative peaks of the kinetic relations in the two 
culture preparations are consistent with the previously determined 
V 1/2 values (arrows, Fig. 5B) . Thus, the difference in the voltage 
dependence of activation kinetics of HCN2 , when expressed in 
neonatal and adult myocytes , appears related to the voltage 
dependence of the steady-state activation relation. 
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Possible Basis for difference between neonatal and adult myocytes 
expressing HCN2 

In heterologous expression of other currents, the biophysical 
characteristics of the expressed currents can sometimes depend on 
the current density achieved (29-32). To determine I f the 
difference in V 1/2 of HCN2 between neonatal and adult was a result 
of this type of phenomenon, a linear regression analysis of the 
data was conducted (Fig . 6). The results indicate that, while there 

is some correlation of V 1/2 with current density in the newborn, 
differences in expression level cannot explain the difference in 
HCN2 voltage dependence between neonatal and adult myocytes. The 
neonatal myocytes exhibited a wide range of current density for the 
expressed current, with a correlation coefficient for V 1/2 of 0.51 
(P - 0.01) ; current density was less variable in the adult, with no 

correlation with activation midpoint (correlation coefficient 
0.043, P = 0.88) . For current densities common to both preparations 

(i.e. < 60 pA/pF, Fig. 6 inset) the expressed current in the 
neonatal myocytes demonstrated a significantly less negative V 1/2 
than in the adult myocytes (P < 0.001) . 

It is well known that both the native I f and the expressed current 
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respond to cAMP by a phosphorylation independent shift in the 
voltage dependence of activation (33, 34), although 
phosphorylation- dependent mechanisms also have been reported (35- 
37) . It is possible that the observed difference in activation of 
HCN2 in neonatal and adult myocytes simply reflected a different 
basal cAMP level within the two cells preparations was considered. 
To test this, the experiments measuring the activation relation of 
the expressed current with AdHCN2 in neonatal and adult cells were 
repeated, but this time the experiments included 10 /^mol/L cAMP in 
the pipette solution to achieve a maximal positive shift of the 
current and eliminate any differences in intracellular cAMP levels. 
As seen in Fig, 7, the expressed current shifted positive by a 

comparable amount in both the neonatal and adult preparations (data 
in the absence of cAMP in the pipette are represented by the dashed 
and dotted lines) , and the large difference in V 1/2 values 
persisted . Thus , the age-dependent difference in the voltage 
dependence of activation of HCN2 does not arise from a difference 
in basal cAMP level between the two preparations. 

Functional effect of overexpression of HCN2 

The adenoviral construct of HCN2 resulted in expression of a large 
current in the maj ority of cells (at least 90% of cells patch 
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clamped) . Given the relatively positive activation of the expressed 
current in the neonatal cells, placing it within the physiologic 
range of voltages, it was next determined if overexpression of HCN2 
resulted in a change in spontaneous rate of these cultures. These 
experiments were conducted using monolayer cultures of 
synchronously beating cells, with a whole cell patch electrode 
recording from one cell of the contiguous monolayer. The control 
(non- infected) cultures beat spontaneously, with a mean rate of 
48.4 ± 4.4 beats per min (bpm, n = 17) . There was little or no 
diastolic depolarization between action potentials and the cycle 
length tended to vary from beat to beat (Fig. 8A) . The maximum 

diastolic potential (MDP) was -65.2 ± 1.8 mV (n = 17). In contrast, 
the cultures infected with AdHCN2 exhibited a more regular and 
faster rhythm (Fig. 8B) , with mean rate of 88.0 ± 5.4 bpm (n = 16) . 

Further, these cultures exhibited a marked diastolic depolarization 
and a less negative MDP (Fig . 8C) . The differences in frequency, 

phase 4 slope, and MDP were statistically significant (P < 0.05) . 

Cultures infected with AdGFP (frequency: 45.8 ± 4.7 bpm; MDP: -59.5 
± 2.4 mV; n = 6) did not differ from uninfected control cultures, 
but did differ significantly from AdHCN2 infected cells. 

The adult cultures did not beat spontaneously, either under control 



-42- 

conditions or after infection with AdHCN2 . This was not surprising, 
given the relatively negative activation relation of the expressed 
current in the adult cells. However, Ranjan et al . (38) have 

proposed that native I f in the adult mammalian ventricle 
contributes to anode break stimulation. If sufficiently strong, the 
hyperpolarizing stimulus activates I f . The resultant inward tail 
current , combined with the voltage dependent block of I K1 , then 
causes the membrane potential to overshoot the resting potential in 
a depolarizing direction upon termination of the stimulus, leading 
to excitation. Therefore, the susceptibility to anode break 
excitation of control adult cultures and those infected with AdHCN2 
was compared. Using a 2 0 -msec stimulus, the maximal negative 
potential achieved for a threshold anodal stimulation was measured. 
Also measured was the I f density at the end of a 2 -sec voltage step 
up to -125 mV in the same cells. Fig. 9 illustrates that the 

infected cells more readily exhibited anode break excitation. Fig, 

9A illustrates representative control (left, with stimulus time 

course above) and infected (right) traces of anodal stimuli and 
resulting action potential upstrokes. The delay between the end of 
the anodal stimulus and the action potential threshold was not 
statistically different between control and infected cells (45 ± 10 
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vs . 58 ± 9 ms, P > 0.05) . Fig. 9B graphs the relation between 

maximal negative potential at threshold and I f or I H cn2 density for 
control (unfilled symbol ) and infected (filled symbol ) cells . 
Control cells exhibited an inverse correlation between the maximal 
negative voltage required for anodal excitation and I f density 
(Fig* 9B, inset) , supporting the hypothesis that native I f 

contributes to anode break excitation. In comparison, in infected 
cells it was sufficient to hyperpolarize the membrane to 
approximately -80 mV, i.e. the threshold for expressed HCN2 
current . Anode break threshold was independent of expressed 
current density, indicating that the expressed current was large 
enough in. all infected cells to generate a sufficient overshoot 
for achieving excitation at I H cn2 threshold. When required stimulus 
energy was calculated, as the integral of the area from start of 
the stimulus to threshold of the action potential, there was a 
significant difference between control and AdHCN2 infected cells 
(3140 ± 279, n = 10, vs. 2149 ± 266 mV«ms, n = 12; P < 0.05). 

Neither the required stimulus energy nor the spontaneous rate of 
cells infected with AdGFP differed from those of control cells 
(data not shown) , indicating that this was not simply an effect of 
the adenoviral infection. In addition, resting potential did not 
differ between control , AdHCN2 and AdGFP infected myocytes (data 



not shown) 
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Discussion 



This study investigated if the distinct activation voltage of I f in 
neonatal and adult ventricle was the result of a pronounced 
difference in the biophysical properties of the HCN2 and HCN4 
isoforms when expressed in ventricular myocytes, or whether this 
developmental difference was due to an influence of the 
maturational state of the myocyte on an individual isoform, 
specifically HCN2 . The results indicate that while HCN4 , which is 
more prevalent in neonatal than adult ventricle, does activate at 
less negative voltages than HCN2 when expressed in the neonatal 
ventricle, this isoform effect is modest. In comparison, when the 
HCN2 isoform is separately expressed in neonatal and adult 
ventricular myocytes, the midpoints of activation differ by 18 mV, 
compared to a difference of 22 mV in the midpoints of activation of 
the native I f current in the neonate and adult ventricle in 
culture. Thus, the developmental difference in pacemaker current 
voltage dependence under these experimental conditions is largely 
accounted for by an effect of the myocyte maturational state on the 
HCN2 isoform, rather than an HCN4/HCN2 isoform switch. Further, 
this difference in activation voltage results in a marked 
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difference in the physiologic impact of expressed HCN2 current, due 
to the relative position of the current threshold with respect to 
the maximum diastolic potential as a function of age. 

In investigating this question, first was compared the biophysical 
characteristics of mouse HCN2 and HCN4 expressed in neonatal rat 
ventricular myocytes, rather than in a heterologous mammalian 
expression system such as HEK293 cells. As with prior heterologous 
expression studies, these data indicate that an inherent difference 
in the voltage dependence of HCN2 and HCN4 , when expressed in 
myocytes, does not by itself account for the age -dependent 
difference in voltage dependence . At both ages , HCN2 is the 
dominant isoform based on RNase protection, although the relative 
ratio of HCN2/HCN4 message increases developmental ly (16) . The 9-mV 
negative shift of HCN2 activation, relative to HCN4 (-75 and -66 
mV, respectively, using the lipofectin transfection method) in 
neonatal myocytes is far less than the developmental difference in 
native current activation. In addition, the kinetics of activation 
of the native I f are faster in the neonate than adult, while the 
activation kinetics of HCN4 are slower than those of HCN2 . Thus, a 
dominant contribution of HCN4 in the neonate, changing to a 
dominant contribution of HCN2 in the adult, is inadequate to 
explain the developmental difference in either activation voltage 
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or activation kinetics. It should be noted, however, that this does 
not preclude an isoform switch as a necessary or contributory 
component of the developmental change in voltage dependence. It 
could be that HCN4 would activate at markedly less negative 
voltages in adult as well as neonatal ventricle, i.e. that only 
HCN2 is sensitive to the maturational state of. the myocyte. 

While resolution of this question awaits preparation of an HCN4 
adenoviral construct for efficient infection of adult myocytes, it 
seems unlikely given existing heterologous expression results 
concerning HCN4 , which do not suggest that HCN4 is inherently 
positive. Admittedly, it is difficult to compare activation 
voltages between studies, since even with the same preparation 
considerable differences arise between laboratories as a result of 
variations in cell preparation and/or recording protocols. Still, 
it is interesting that HCN4 expression in the neonatal ventricle is 
much less negative than in any reported mammalian expression study. 
A midpoint of -66 mV was observed, whereas in other mammalian 
expression studies reported values ranging from -80 to -109 mV for 
this isoform (17-20) . HCN2 in the neonatal ventricle also activates 
at less negative voltages than in other mammalian systems, with a 
midpoint of -78 mV (by tail measurement with adenoviral infection) 
in the present study, compared to values ranging from -83 to -97 mV 
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(18-20, 39). In those cases where activation voltage of HCN2 and 
HCN4 were measured in the same study, HCN2 activated either 
slightly less negatively (18) , equivalently (19) or slightly more 
negatively (20) than HCN4 . Thus, while the results largely agree 
with other studies that reported only a modest difference in 
activation voltage between HCN2 and HCN4 , in general what was 
observed was less negative activation of both isoforms in the 
neonatal ventricle, compared to other mammalian expression systems. 
This suggests that perhaps the neonatal myocyte provides a unique 
environment , relative to alternative expression systems, allowing 
for less negative activation. However, at least one oocyte 
expression study (4 0) reported HCN2 activation equivalent to that 
in the neonatal ventricle, with a midpoint of -78 mV, suggesting 
that other systems also are capable of expressing HCN2 with less 
negative voltage dependence . 

While it is not clear whether it is the neonatal or the adult 
environment which is unique (or rather they are merely two distinct 
points on a continuum) , it is clear that HCN2 exhibits markedly 
different voltage dependence when expressed in the two cell 
preparations , and that this parallels the developmental difference 
in native I f . Under these experimental conditions, the midpoint of 
activation of native current in newborn and adult ventricle 
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differed by approximately 22 mV, less than the previously reported 
difference in threshold value of approximately 40 mV (8) . A portion 
of the difference may result from the 48-hour culture period, since 
acutely isolated adult myocytes had a midpoint value of activation 
that was 6 mV more negative. Although this was not a statistically 
significant difference, it is in keeping with an earlier study that 
found that extended culture under conditions that caused 
morphological dedif f erentiation of adult myocytes resulted in a 
marked positive shift of activation voltage (9) . In addition, the 
earlier developmental study specifically used adult epicardial 
myocytes (8) , while the present study used the whole ventricle of 
the adult heart to obtain a higher yield of viable cells for 
culture. A gradient of I f activation, with epicardium more negative 
than endocardium, has been observed in the canine heart (41) . If a 
similar gradient exists in adult rat ventricle then this also could 
contribute to the less negative adult values observed in the 
present study. It remains to be determined if expressed HCN2 
current would activate at even more negative voltages if expressed 
in epicardial myocytes. 

The actual midpoints of activation of native I f in ventricle were 
-77 and -99 mV in neonate and adult, respectively, compared to 
values for HCN2 of -78 and -96 mV in these two preparations. Thus, 
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HCN2 activation largely explains the voltage dependence of the 
native I f . The difference in activation between neonatal and adult 
ventricle is not secondary to differences in cAMP levels, since 
saturating cAMP in the pipette shifts the voltage dependence of 
HCN2 by a comparable amount in the neonate and adult myocytes (17 
and 14 mV, respectively) . Beyond elimination of basal cAMP as a 
factor, the basis for the age-dependent difference in HCN2 voltage 
dependence when expressed in myocytes is unclear . The range of 
voltage dependence reported for I f in different cardiac regions or 
as a function of age or disease is pronounced, and may reflect a 
combination of mechanisms. Studies of other channels have 
identified a number of factors that can alter the biophysical 
properties of native or expressed current, including beta subunits 
(42, 43), local membrane composition (44), cytoskeletal 
interactions (45), phosphorylation/dephosphorylation (35, 36, 46) 
and other post- translational modifications such as truncation (47) . 
The extent to which any of these mechanisms contribute to the 
variation in voltage dependence of I f or I H cn2 is unknown. In this 
context, it is interesting that when native I f is studied in a cell 
free macro patch activation shifts markedly negative, but treatment 
of the intracellular face of the patch with pronase shifts 
activation back in the positive direction by 56 mV (48) . In 
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addition, when a large portion of the HCN2 C-terminal that includes 
the cyclic nucleotide binding domain is deleted, activation shifts 
positive by 24 mV (49) . From these results one can speculate that 
interactions between cytoplasmic elements of the HCN protein 
contribute to more negative activation, but that these interactions 
are minimized in the intact cell, perhaps due to the presence of 
cytoskeletal elements, a beta subunit or other factors. The extent 
to which any of these factors actually contribute to the regional 
or developmental variation in activation voltage remains to be 
determined. However, if this reasoning is correct, then the 
factor (s) that contribute to the less negative activation of HCN2 
in the neonate do not appear to be substrate limited, since no 
negative shift in activation voltage (and in fact a slight positive 
trend) at expression levels that were 2-3 orders of magnitude 
greater than that typical of native current in this preparation was 
observed . 

The kinetic characteristics of the native current in neonate and 
adult ventricle also are largely explainable by HCN2 , though 
perhaps not entirely. In the neonate, native current activates with 
kinetics that are intermediate-between those of HCN2 and HCN4 
expressed in these same cells. When the full 
activat ion/deactivat ion relation of expressed HCN2 is compared in 
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neonate and adult, the difference is largely attributable to the 
difference in voltage dependence of activation. Thus, there does 
not appear to be an effect of maturational state of the myocyte 
directly on activation kinetics of expressed current, independent 
5 of the effect on voltage dependence of activation. However, native 
I f kinetics in adult appear slower than expressed HCN2 kinetics 
(compare Figs. 4B and 5B) . 

Not surprisingly, expressing high levels of HCN2 in a neonatal 
™? culture results in a marked increase in spontaneous rate. This is 
lM accompanied by a less negative maximum diastolic potential and more 
|]7 pronounced phase 4 slope. The maximum diastolic potential in the 
s HCN2 infected culture corresponds to the threshold voltage of the 
SI HCN2 current, indicating that even threshold levels of expressed 

a 

current are sufficient to balance the contribution of I K1 (which is 
lJ> small in neonatal cultures (50) ) . Expressing HCN2 in adult myocytes 
does not result in automaticity , either because of the more 
negative activation range in the adult cells or the greater I K1 
density at this age. However, it does increase the susceptibility 
to anode break excitation. In HCN2 infected cultures of adult 
20 cells , the maximal negative voltage required during anodal 
stimulation in order to exhibit anode break excitation corresponds 
to the threshold voltage of the HCN2 current. Thus, the physiologic 
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impact of overexpression of the HCN gene family in myocardium 
depends on the threshold voltage of the expressed current. This 
threshold voltage, and therefore the physiologic impact of HCN 
overexpression, to some extent depends on which isoform is 
expressed (i.e. HCN2 vs HCN4 in neonate). However, effect also is 
context dependent - with a distinct result, depending on the 
maturational state of the target tissue. For the same reason, 
effect is likely to depend on the cardiac region in which the 
channel is expressed and the disease state of the tissue, since 
native current is markedly affected by these factors. This has 
obvious implications for any future efforts to alter cardiac rhythm 
through the regional overexpression of selective HCN isoforms. It 
suggests rate can be enhanced by increasing current level, if the 
expressed current activates at an appropriate threshold voltage in 
the target tissue. As further insight into the mechanisms 
regulating the voltage dependence of this gene family is gained, it 
may be possible to control both the level of current and its 
activation voltage. 

EXPERIMENTAL DETAILS EXAMPLE 2: 



M1RP1: A Beta Subunit for the HCN Ion Channel Subunit Family- 
Enhances Expression and Speeds Kinetics . 
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The HCN (Hyperpolarization-activated Cyclic Nucleotide gated) 
family of ion channel subunits has been identified as the molecular 
correlate of the currents I f in heart and I h and I q in neurons 
(14,15,26) . However, a number of ion channels are heteromult imers 
of a large a subunit (like the HCN family members) and smaller (3 
subunits. The cardiac delayed rectifie rs I kr (51) and I Ks ( 52 ) are 
examples of this basic principle. Their a subnits derive from the 
ERG and KCNQ families respectively, but both also contain 3 
subunits from a family of single transmembrane spanning proteins 
called minK and MiRPs (minK related peptides) . 

MiRPl enhances expression and speeds the kinetics of activation of 
the HCN family of channel subunits. RNase protection assays (RPAs) 
show that MiRPl mRNA is prevalent in the primary cardiac pacemaking 
region, the sinoatrial node, and barely detectable in ventricle. 
Coimmunoprecipitation indicates that MiRPl forms a complex with 
HCN1 . Taken together, these results suggest that MiRPl is a p 
subunit for the HCN family of ion channel protein subunits, and 
that it is likely to be an important regulator of cardiac pacemaker 
activity . 

A. Heterologous expression in Xenopus oocytes 
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cRNA encoding mouse HCN1 or HCN2 , rat MiRPl with or without an HA 
tag at the carboxy- terminal and rat minK were transcribed by using 
the mMessage mMachine kit (Ambion, Austin, TX) . Xenopus laevis 

oocytes were isolated, injected with 2-5 ng (50-100 nl) of cRNA, 
and maintained in Barth medium at 18°C for 1-2 days. For 
experiments using both HCN1 or HCN2 and MiRPl or minK, the 
respective cRNAs were injected in 1:0.04-1 ratio. 
Electrophysiologic studies on oocytes employed the two- 
microelectrode voltage clamp. The extracellular recording solution 
(OR2) contained: 80 mM NaCl , 2 mM KCI , 1 mM MgCl 2 , and 5 mM Na- 
HEPES (pH 7.6) . Group data are presented as means ± SEM. Tests of 
statistical significance for midpoint and slope of activation 
curves were performed using unpaired Student's t-tests. P < .05 is 
considered significant . 

B. Rnase Protection Assays 

The procedures for the preparation of total RNA from rabbit heart 
tissues and the performance of the RNase protection assays was 
similar to those described previously (53) . Brain total RNA was 
obtained commercially from Clontech, and total RNA was isolated 
from left ventricle, right atrium and brain using SV Total RNA 
System (Promega) . For each experiment 2 jug of total RNA was used. 
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A cyclophilin probe was used in each experiment as an internal 
control over sample loss. RNA expression was quantified directly 
from dried RNase protection assay gels using a Storm phosphorimager 
(Molecular Dynamics) , normalized to the cyclophilin signal in each 
lane. The MiRPl signal consisted of two protected fragments in each 
rabbit tissue where MiRPl was detected. The presence of two bands 
is likely the result of the degenerate PCR primers, based on mouse 
and human sequences, used for the cloning of the RPA probes. The 
combined intensity of both bands was used in the quantification. 

C. Protein Chemistry 

Membrane protein preparation. All steps were performed in ice. 25 

oocytes were washed with Ringer solution (96 mM NaCl , 1.8 mM CaCl 2 , 
5 mM Hepes (pH 7.4) and lysed by vortexing with 1 ml lysis buffer 
1 (7.5 mM Na 2 HP0 4 (pH 7.4), 1 mM EDTA) with protease inhibitors 
(aprotinin, leupeptine and pepstatin A, 5 //g/ml of each, and 1 mM 
PMSF) . The lysate was centrifuged for 5 min at 150xg to remove yolk 
proteins and subsequently for 3 0 min at 14 0 0 0xg. The membrane 
pellet was washed with lysis buffer 1 and resuspended in 1 ml of 
lysis buffer 2 (50 mM Tris-HCI (pH 7.5), 150 mM NaCl , 5 mM EDTA, 50 
mM NaF, 50 mM Na pyrophosphate, 100 mM KH 2 P0 4 , 10 mM Na molybdate, 
2mM Na orthovanadate , 1% triton X-100, 0.5% NP40) with the same set 
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of protease inhibitors as lysis buffer 1. Protein concentration of 
the membrane fractions was determined by the Lowry method. 

Immunochemistry. For western blot analysis, proteins associated 

with oocyte membrane fractions were separated on 10% SDS/PAGE (for 
HCN1) or on 16.5% tricine-SDS/PAGE (for MiRPl (54)), and 
electroblotted to Hybond ECL™ nitrocellulose membranes (Amersham 
Pharmacia Biotech) . Blocking and antibody incubations were done in 
PBST. The rabbit HCN1 antibodies (Quality Controlled Biochemicals) 
and the rat anti-HA high affinity antibodies (Roche Molecular 
Biochemicals) were used at 1:5000 and at 1:500 dilution, 
respectively. Secondary anti-rabbit (Kirkegaard Perry Laboratories, 
Maryland, USA) and anti-rat Ig-POD, Fab fragments (Boehringer 
Mannheim Biochemica) coupled to horseradish peroxidase were used at 
1:10000 or 1:2000 dilution, respectively. The imrnunoreactive 
protein bands were visualized using Lumi- Light PLUS Western Blotting 
Substrate (Roche Molecular Biochemicals) . The immunoprecipitation 
reactions were performed using 250 /ug of membrane protein fractions 
and 10 jjl! of HCN1 antibodies cross-linked to protein A/G PLUS- 
Agarose (Santa Cruz Biotechnology, Inc.) with dimethylpimelimidate . 

Results 
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Xenopus oocytes were employed as a heterologous expression system 
and the expression of HCN1 and HCN2 individually and coexpressed 
with either minK (the minimal K channel protein, the first 
identified member of the single transmembrane spanning proteins 
family) or with MiRPl was examined . The results are shown in Fig. 
10. Both HCN1 (Fig. 10A) and HCN2 (Fig. 10D) express a small 
current when injected alone. Coexpression of either HCN1 (Fig. 10B) 
or HCN2 (Fig. 10E) with minK results in similar, low levels of 
current expression. However, a much larger current is observed when 
either HCN1 (Fig. 10C) or HCN2 (Fig. 10F) is coexpressed with 
MiRPl. Injection of MiRPl by itself did not induce a current nor 
did injection with 100 nl of H 2 0 (not shown) . The complete set of 
results for the expression studies of HCN1 and HCN2 with or without 
minK and MiRPl are illustrated in Fig, 10G and Fig. 10H. The 
maximal conductance is calculated by dividing the current onset at 
the most negative potential by the driving force (the reversal 
potential was measured in each oocyte) . The results demonstrate an 
almost threefold enhancement of HCN1 conductance when HCN1 is 
coexpressed with MiRPl, whereas MiRPl enhances expression of HCN2 
by more than fivefold. Coexpression of either HCN1 or HCN2 with 
minK does not enhance HCN1 or HCN2 expression. Thus the enhancement 
of expression is specific for MiRPl. 
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Next was examined the gating properties of MiRPl coexpressed with 
either HCN1 or HCN2 . The results are presented in Fig. 11. 
Isochronal activation curves were constructed from tail currents 
recorded at -lOmV in response to 3 (for HCN1) or 8 (for HCN2) 
second long hyperpolarizing test pulses. The results demonstrate no 
significant difference in midpoint but statistically indicate a 
shallower slope for the activation of HCN channels coexpressed with 
MiRPl (Figs. 11A and 11B, see figure legends for details) . 

Also, the kinetics of activation and deactivation was examined see 
Fig. HC-Fig. 11F) . Raw data are shown for activation of both HCN1 
(Fig. 11C) and HCN2 (Fig. 11D) , MiRPl decreases the time constant 
of activation. The average of all the results on activation and 
deactivation (indicated by the encircled box) are provided in Figs. 
HE and 11F. Coexpression with MiRPl accelerates both processes. 

The rectification properties of HCN1 or HCN2 expressed with or 
without MiRPl were also studied. Coexpression of either HCN1 or 
HCN2 with MiRPl did not alter the linearity of the fully activated 
current -voltage relationship (not shown) . 

Previous studies examining the potential role of MiRPl in 
generating I kr employed Northern Blot analysis to demonstrate the 
presence of MiRPl mRNA in whole rat heart (51) . If MiRPl also 
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regulates i f current expression in vivo, mRNA for MiRPl should be 
prominent in regions where i f currents are large. RNase protection 
assays was employed to quantify the distribution of MiRPl 
transcripts in SA node, right atrium and ventricle of the rabbit 
heart. The results are provided in figure 12. MiRPl transcript 
levels are highest in the SA node, atrial levels are about 40% of 
those in SA node, while ventricular levels are barely detectable (< 
4% of SA node) . 

Here, it was demonstrated that a complex probably exists between 
members of the HCN family and MiRPl, which shows that MiRPl could 
be a (3 subunit for the HCN family. This question was chosen to be 
pursued with HCN1 as there are antibodies (see Methods) against 
this family member. 

The HCN1 antibody recognizes a single polypeptide with an apparent 
molecular mass of 145 kDa (possibly glycosylated (55)). MiRPl, HA 
epitope-tagged at the carboxy- terminal end, was recognized by anti- 
HA high affinity antibodies as a 13.5 kDa band. Both proteins were 
localized in the membrane fraction, and protein expression was 
enhanced (about 2 -fold) when they were co- expressed together (Fig. 
13A and 13B) . 

To test whether a complex of HCN1 and MiRPl might exist in a 
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heterologous expression system, coimmunoprecipitation experiments 
were performed using membrane fractions of oocytes injected with 
HCN1 alone, MiRPl alone, or with both cRNAs , Figure 13C shows the 
innmunoprecipitation products tested by western blot analysis. The 
presence of MiRPl in the anti-HCNl immunoprecipitate only for 
oocytes injected by both HCN1 and MiRPl cRNAs, together with its 
absence in oocytes injected by one of these mRNAs, indicates that 
MiRPl was pulled down by anti-HCNl antibody most likely because it 
was complexed with HCN1 . 

The results demonstrate that the proteins are colocalized as a 
complex in the membrane and enhance each other's expression. This 
strongly suggests that MiRPl is a P subunit for the HCN family of 
ion channel subunits. 

Discussion 

MiRPl is a member of a family of single transmembrane spanning 
proteins that have been demonstrated to alter expression and serve 
as a (3 subunit of both KCNQ (minK) and ERG (MiRPl) family members 
(51,53) . In these previous studies, as in this study, the minK 
family member altered gating and was demonstrated to be a beta 
subunit by co- immunoprecipitation. 
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Here, it has been shown that minK does not affect the properties of 
HCN1 and HCN2 channels expressed in Xenopus oocytes. MiRPl , on the 
other hand, dramatically enhances the current expression of both 
HCN subunits and hastens the kinetics of current activation and 
deactivation. A speeding of deactivation kinetics is also seen when 
MiRPl associates with HERG to form I kr (51) . The data presented here 
also show, that MiRPl and HCN1 probably form a complex in the 
membrane . 

Pacemaker activity in the rabbit sinus node is generated by a net 
inward current of only a few pA (56) . This net inward current is 
due to the balance of inward and outward currents more than an 
order of magnitude larger. Although the biophysical properties of 
each of the component current s is known , how thi s f ine balance i s 
achieved remains unknown. The results presented here show that a 
single beta subunit may control the expression of two important 
pacemaker current s , the outward I kr , and the inward I f . If thi s is 
the case, it is possible that MiRPl serves as an important 
regulator of cardiac pacemaker rate. 

Although one preferred embodiment of the invention is described, 
the invention is not so limited, as variations and modifications 
will occur to those skilled in the art . 

The scope of the invention is determined by way of the appended 
claims . 
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